INTRODUCTION
RNA viruses are notorious for their ability to evolve rapidly, which can be attributed to their high rates of mutation and replication and large population sizes (Domingo & Holland, 1997) . However, another evolutionary process, recombination, is being recognized increasingly as a potentially important means of generating and shaping genetic diversity in these infectious agents (Lai, 1992; .
Despite the mounting evidence for recombination in RNA viruses, it is also apparent that recombination rates vary extensively. Recombination appears to be relatively frequent in retroviruses (Hu & Temin, 1990; Jung et al., 2002) and in viruses with segmented genomes in the guise of reassortment (Gorman et al., 1992) . Furthermore, there is now compelling evidence for more sporadic recombination in a variety of positive-sense RNA viruses from animals (Ball, 1997; Lai, 1992; Liao & Lai, 1992; Strauss & Strauss, 1997; , plants (Aaziz & Tepfer, 1999; Roossinck, 1997; Simon & Bujarski, 1994) and bacteria (Chetverin, 1997; Mindich, 1996) . In contrast, there are few reports of recombination (aside from reassortment) in negative-sense RNA viruses, which has led some authors to suggest that these viruses are characterized by low rates of recombination (Pringle & Parry, 1982) . To date, evidence for recombination has only been documented in some ambisense arenaviruses (Archer & Rico-Hesse, 2002; Charrel et al., 2001) , hantaviruses (Klempa et al., 2003; Sibold et al., 1999; Sironen et al., 2001) and Influenza A virus (Gibbs et al., 2001) . Moreover, the case for recombination in Influenza A virus is controversial, with a re-analysis of the critical data indicating that the unusual pattern of evolution in an isolate of the 'Spanish flu' from 1918 was more likely due to variation in nucleotide substitution rates among different regions of the haemagglutinin (HA) gene than recombination between human and pig strains (Worobey et al., 2002) .
There are two general explanations for why recombination rates are so variable in RNA viruses. One hypothesis is that recombination rate is a characteristic set by natural selection, since this process confers two types of fitness advantage that might benefit some viruses more than others. First, recombination can create and spread advantageous genotypes more rapidly than occurs in clonal systems. As an example, it is likely that frequent recombination in Human immunodeficiency virus facilitates the spread of drug-resistant mutants (Burke, 1997; Moutouh et al., 1996) . The second major fitness benefit is that deleterious mutations can be removed by recombination with mutation-free parts of different genomes, thereby enabling weak or non-replicative mutant strains to recover viable genome sequences. When the population sizes of RNA viruses are small, which may occur if there are major bottlenecks at transmission, such purging of deleterious changes by recombination may allow viruses to escape the long-term reduction in fitness associated with clonality ('Muller's ratchet'), as demonstrated in some experimental systems (Chao, 1990; Duarte et al., 1992) . Given that the rate of deleterious mutation in RNA viruses may be~1 per genome per replication (Drake & Holland, 1999; Elena & Moya, 1999) , selective pressure to preserve RNA viruses from fitness losses could be considerable.
Alternatively, there may be purely mechanistic and/or ecological explanations for differing rates of recombination in RNA viruses. In this case, recombination rate is not a selectively determined trait in itself but rather the natural outcome of a particular genome structure or virus ecology. For example, there are several steps in the replication process that influence recombination rate. Most obviously, multiple virus strains must infect the same host cell. This may only occur at a very low rate if distinct virus strains are ecologically or geographically isolated, if there is a potent immune response that limits superinfection or if specific host factors block the entry of multiple viruses into single cells (Danis et al., 1993; Simon et al., 1990; . Even if co-infection of individual cells is successful, physical constraints, such as the degree of sequence dissimilarity, may prevent the formation of viable hybrids and so inhibit recombination (Bujarski & Nagy, 1996) . Finally, most recombinants, like most point mutations, are likely to be deleterious and so will be removed from the population by purifying selection. Indeed, the large-scale loss of recombinants by purifying selection has been observed in coronaviruses (Banner & Lai, 1991) .
Given the potential importance of recombination in RNA virus evolution, it is imperative to determine the frequency with which it occurs and the factors that control its rate. To this end, we analysed the extent of recombination in all those negative-sense RNA viruses for which population samples are available currently in GenBank; this comprised 35 viruses from six families and totalled 2154 individual gene sequences. We focused only on RNA recombination occurring within genomic segments, which most likely occurs through copy-choice replication (Cooper et al., 1974; Lai, 1992) . This process is distinct from that of reassortment in segmented RNA viruses, which does not concern this paper. Furthermore, we only consider homologous recombination, although rare non-homologous recombination has been reported in Influenza A virus (Orlich et al., 1994) and that which occurs within individual virus species. Our analysis involved the use of three phylogenetic (bioinformatic) methods to detect recombination. Although these methods look for different signatures of recombination in gene sequence alignments, we regard the occurrence of phylogenetic incongruence, in which regions of a sequence alignment have significantly different evolutionary histories, as the only definitive evidence for recombination. The observation of phylogenetic incongruence was the first indication that recombination occurred in Human immunodeficiency virus (Robertson et al., 1995) and is regarded generally as the best evidence for recombination at the level of gene sequence analysis (Posada et al., 2002) .
METHODS
Sequence data. A total of 79 gene sequence alignments comprising 2154 individual sequences and representing 35 negative-sense RNA viruses from six virus families was collected from GenBank (Table 1) . Since the probability of finding recombination within a sequence alignment grows with increasing sequence length and the number of isolates analysed, the alignments for each gene comprised the longest contiguous stretch of sequence for which several isolates were available from individual virus species. Consequently, 47 of 79 alignments contained 20 or more isolates (average 27 sequences) and 56 alignments were more than 1000 bp in length (average 1502 bp). All sequences were aligned using the CLUSTALX program (Thompson et al., 1997) and sites with gaps were removed in most cases. The sequence alignments used in this study are available at http://evolve.zoo.ox.ac.uk/.
Testing for recombination (i) Phylogenetic incongruence. Our main approach to assessing the extent of recombination in negative-sense RNA viruses was to document cases in which different regions of a sequence alignment produced phylogenetic trees with significantly different topologiesso-called phylogenetic incongruence. This analysis involved three steps. First, for each alignment, we constructed neighbour-joining (NJ) trees for windows of 300-400 bp and slid along the sequence alignment by this amount. This simple method enabled us to detect individual sequences that changed phylogenetic position. In all cases, this analysis was conducted assuming the HKY85 model of nucleotide substitution and a gamma distribution of rate variation among sites in the sequence alignment (four rate categories, shape parameter a=0?5). Next, for those sequences that changed phylogenetic position, we determined whether the differences in tree topology were greater than expected by chance alone and also identified the most likely break-points. This was achieved using a maximumlikelihood (ML) method (LARD) . Here, a three-sequence alignment comprising the putative recombinant and the two closest 'parental' lineages identified in the NJ trees is split in two at every position and the branch lengths then estimated for both regions. The break-point that gives the highest likelihood is identified and a likelihood ratio (LR) test is used to compare the likelihood of this 'recombination tree' to that of a tree where recombination is prevented. Significance values were determined using 200 Monte Carlo-simulated sequences (SEQ-GEN) (Rambaut & Grassly, 1997) , subjected to the same break-point analysis as the real data and again excluding recombination. Finally, ML phylogenetic trees were estimated on either side of the break-point determined above and a bootstrap analysis was undertaken to assess the support for the conflicting phylogenetic positions of the putative recombinant. Strong evidence for phylogenetic incongruence, and hence recombination, is deemed to be present if the conflicting tree positions are each supported by >75 % of bootstrap replicates. In all cases, ML trees were found by successive rounds of tree bisection-reconnection branch-swapping in which the parameter values for the general time-reversible model of nucleotide substitution, the gamma distribution of among site rate variation (with eight rate categories) and the base composition were estimated from the data. Bootstrap re-sampling analysis involved 1000 replicate NJ trees reconstructed under the ML substitution model determined previously. All these analyses were undertaken using PAUP* (Swofford, 2002) .
(ii) Sawyer's runs test. The second method used to detect recombination, Sawyer's runs test (GENECONV) (Sawyer, 1989) , also looks for distinct recombination break-points in sequence alignments. In this case, a search is made for unusually long fragments within an alignment over which a pair of sequences are identical, or nearly identical, even though these sequences do not share common ancestry (hence the output in this case consists of pairs of recombinant sequences). Whether these runs of similarity are longer than expected by chance is assessed using randomly permuted data sets derived from the same data. For each putative recombinant, a 'global' permutation P value is calculated, which reflects the proportion of permuted alignments for which some fragment from some pair of sequences has a higher score than for the reference sequences.
In all cases, the default parameters were used with the following exceptions: insertions and deletions were skipped and the threshold for the global P value was set at 0?05. This method was shown recently in simulation studies to be a powerful, although conservative, method to detect recombination (Posada et al., 2002) .
(iii) Informative sites test. Although searching for break-points is a powerful way to detect recombination in sequence alignments, the sequences analysed must be sufficiently divergent so that conflicting phylogenetic signals can be detected (Posada et al., 2002) . Therefore, we employed a third method, the informative sites test, which can detect recombination among more closely related sequences and which also performed well in simulation studies (PIST) (Worobey, 2001) . The test detects recombination by distinguishing the 'apparent rate heterogeneity' among nucleotide sites caused by recombination from the 'real rate heterogeneity' among sites caused by mutation. Such a distinction is possible because mutation and recombination affect the pattern of variability at polymorphic sites in different ways, as reflected in the proportion of two-state parsimony informative sites (that is, those variable sites that partition the sequence alignment into two phylogenetic groups) relative to all polymorphic sites, denoted by the 'q' parameter. The values of q computed for the real data are then compared to a null distribution (q c ) obtained by simulating 200 data sets along a ML tree linking these data (with the ML substitution parameters) assuming no recombination. A P value is defined as the proportion of simulated alignments that satisfy the condition q c <q, with P<0?05 taken as significant evidence for recombination. To reduce the possibility that the results are affected by natural selection, which might also determine patterns of sequence variation at polymorphic sites, the analysis was only run on third codon position sites from nonoverlapping reading frames.
RESULTS

Analysis of phylogenetic incongruence
Although alignments from a number of negative-sense RNA viruses contained sequences that changed phylogenetic position, in only five cases (from three different viruses) were these changes in tree topology significant in the ML test and result in strongly conflicting bootstrap support values for the putative recombinant on either side of the ML break-point (Table 2 ). These sequences were as follows: the G2 gene from Hantaan virus, strain 84FLi (AF366569); the F gene from Mumps virus, strain MP 93-AK (Kashiwagi et al., 1999) , and the HN gene from Mumps virus, strain 4972 (AF448528); the HN gene from Newcastle disease virus, strain GPMV/QY97-1 (AF192406), and the N gene from Newcastle disease virus, strain chicken/Mexico/37821/96 (Seal et al., 2002) . ML phylogenetic trees revealing the clear topological movement of these sequences are shown in Figs 1 to 5. There was no evidence for strong phylogenetic incongruence indicative of recombination in any of the remaining 74 sequence alignments.
In the case of Hantaan virus, although the precise phylogenetic position of strain 84FLi in the first part of the G2 gene (bases 1-445) could not be resolved in the bootstrap analysis, the change in tree topology with respect to the second region (bases 446-1638) was so well supported that this sequence is considered to contain strong evidence for recombination. Conversely, although conflicting phylogenetic trees were observed in the M gene from Measles virus -isolate Yamagata-1 (Haga et al., 1992 ) (break-point at position 438, P<0?005) -the putative recombinant sequence as well as one of the parental lineages were both clones of the same virus (Yamagata-1) and have been subject to substantial laboratory manipulation. As this may indicate that the recombination event occurred in the laboratory rather than in nature, this putative recombinant was excluded from subsequent discussions. Furthermore, this same data set was negative for recombination in both the Sawyer's runs and the informative sites tests, and no other recombinants were observed in the relatively large sample of measles viruses analysed here. Finally, in the case of the N gene from Newcastle disease virus, it may seem anomalous that the parents to the recombinant chicken/Mexico/37821/96 strain were sampled 50 years apart and on different continents. However, it is important to remember that these represent parental lineages and not necessarily the actual sequences that recombined. Indeed, it is highly unlikely that we will sample the exact parents in each case. Hence, as long as the parental chicken/Italy/ Milano/45 strain of Newcastle disease virus produced descendents and can be transported long distances, the inference that recombination has occurred in this data set is reasonable.
Sawyer's runs test
The analysis of recombination using Sawyer's runs test produced very similar results to those obtained using the ML phylogenetic incongruence method. Indeed, of the five sequence alignments with major differences in tree topology, four were also found to have global P values <0?05 under Sawyer's runs test (Table 3 ). The only exception was the F gene from Mumps virus, the most weakly supported recombinant in the ML incongruence test (that is, with the lowest LR statistic) and which was not significant in Sawyer's runs test.
There were, however, some differences in the isolates identified as recombinant and in the location of the breakpoints between the incongruence and Sawyer's runs tests. In the case of the G2 gene from Hantaan virus, incongruence analysis identified isolate 84FLi as recombinant at position 445, with strains H8205 and A16 being the closest parental lineages. However, GENECOV identified H8205 and A16 as recombinant, although at the same break-point, while a second recombination event was identified at position 1002, this time involving 84FLi. Consequently, the precise history of recombination in the G2 gene from Hantaan virus is difficult to reconstruct, although there is clear evidence of phylogenetic incongruence involving three isolates of this virus. A similar situation was seen in the N gene from Newcastle disease virus. Here, the incongruence test pin-pointed isolate chicken/Mexico/37821/ 96 as a recombinant, with strains chicken/Italy/Milano/45 and chicken/Mexico/37822/96 as the parental lineages. However, Sawyer's runs test suggested that the two parents were, in fact, the recombinants, although the break-points were in the same region. Finally, Sawyer's runs test suggested that multiple recombination events had occurred in the HN gene from Newcastle disease virus, with similar break-points to those identified in the incongruence analysis. In all cases, isolate GPMV/QY97-1 was identified as a recombinant, as it was in the incongruence test, along with both closest parental lineages (strains F48E9 and GD/1/98/Go). The only other putative recombinant sequence identified by Sawyer's runs test was ZJ/1/00/Go but, as this sequence is related very closely to strain GD/1/98/Go, this is likely to represent the same recombination event. Indeed, that Gibbs et al. (2001) . Dq, The proportion of two-state parsimony informative sites relative to all polymorphic sites.
significant was that evidence for recombination was found in 14 new data sets, representing ten negative-sense RNA viruses. These viruses were: Canine distemper virus, CrimeanCongo haemorrhagic fever virus, Influenza A virus, Influenza B virus, Influenza C virus, Lassa virus, Pirital virus, Rabies virus, Rift Valley Fever virus and Vesicular stomatitis virus. The best support for recombination (P<0?001) was found in the three data sets from Hantaan virus (G1, G2 and N), the HA gene from Influenza A virus (human, swine and avian, subtype H1N1), the NP gene from Lassa virus, the P gene from Newcastle disease virus, the N gene from Pirital virus, the G1 and NP genes from Puumala virus, and the N gene from Rabies virus. Conversely, the P values for Canine distemper virus, Influenza B virus and Influenza C virus were only marginally significant (P=0?044, 0?048 and 0?048, respectively). With the exception of the N gene from Newcastle disease virus, all those data sets with evidence of recombination under the incongruence or Sawyer's runs tests also gave positive results in the informative sites test.
DISCUSSION
We have performed a comprehensive phylogenetic analysis of the extent of recombination in 79 gene sequence alignments from 35 negative-sense RNA viruses. In only five sequences from a total of 2154 was there clear evidence for recombination, as depicted by regions of the alignment with conflicting (incongruent) phylogenetic histories. These sequences came from three viruses -Hantaan virus (Bunyaviridae), Mumps virus (Paramyxoviridae) and Newcastle disease virus (Paramyxoviridae). The case for recombination in these viruses is, therefore, compelling and this is the first time it has been reported.
Similar results were obtained using Sawyer's runs test, which also identifies specific break-points in sequence alignments, although recombination was also detected in three alignments from La Crosse virus and Puumala virus. In the case of La Crosse virus, the conflicting phylogenetic trees in the G gene were supported strongly but the putative recombinant region was so short that caution must be exercised. Similar reservations apply to Puumala virus, where evidence was found for recombination in the G1 and NP genes, although without strong bootstrap support for conflicting phylogenies but where the action of recombination has been suggested previously (Sironen et al., 2001) . Hence, in the case of La Crosse virus and Puumala virus, we conclude that the case for recombination is suggestive, but not proven, and that more studies are required. Indeed, because our study has necessarily used gene sequence data taken from GenBank, we are unable to determine whether each incidence of recombination we document is natural or whether it has occurred as a laboratory artefact.
Somewhat different results were obtained using the informative sites test, which looks for patterns of sequence variation (polymorphism) indicative of recombination. In this case, significant evidence of recombination was found in 15 viruses, ten of which were apparently clonal under both the incongruence and the Sawyer's runs test. However, with the exception of the N gene from Newcastle disease virus, all data sets with evidence for recombination in the incongruence and Saywer's runs tests also gave positive results in the informative sites test. There was no evidence for recombination in the remaining 20 negative-sense RNA viruses using any of the analytical methods employed here.
Although some sequences were found to be recombinant in all analyses, the informative sites test suggested far more frequent recombination than the two methods that detected specific break-points. There are two possible explanations for this difference. First, it is possible that recombination has occurred in all those viruses highlighted by the informative sites test but that the effects on tree topology are so slight that they have not resulted in clear phylogenetic incongruence or in 'mosaic' sequence alignments. This may be the case if the recombinant and parental lineages are closely related, so that phylogenetic resolution is low. Alternatively, it is possible that the informative sites test has been misled by another evolutionary process, so that false-positive results are common. In particular, positive natural selection, such as that involved in immune escape, could cause similar sequences to evolve in unrelated strains but on such a localized scale as not to cause widespread incongruence. As a number of the data sets with significant results under the informative sites tests are surface antigens, it is possible that the effects of selection are relatively strong in these cases. Indeed, although the informative sites test performed well in simulation studies (Worobey, 2001) , the confounding effects of selection were not explored. However, we attempted to minimize this effect by only analysing the third positions of codons where selection pressure is expected to be weakest. Consequently, it is impossible to confirm or exclude the action of recombination in those viruses that only give positive results under the informative sites test. We conclude, therefore, that these viruses have evolved in a manner that is compatible with recombination but that unequivocal evidence for this process, in the form of incongruent phylogenetic trees, has yet to be provided.
The difficulties in confirming the presence of recombination in some RNA viruses is most notable with respect to human Influenza A virus. Previously, it was proposed that recombination had occurred in a strain isolated from 1918 (South Carolina/1918) with most of the globular domain (HA1) deriving from a swine lineage, while the ancestry of the stalk region (HA2) was human (Gibbs et al., 2001) . Although this recombination event was supported in a number of analytical tests, it was demonstrated later that this apparent recombination could be explained better by a substantial difference in substitution rate between HA1 and HA2, which occurred in the human, but not the swine, form of the virus (Worobey et al., 2002 Overall, our study reveals that recombination is unlikely to be a frequent process in negative-sense RNA viruses, with only a few clear-cut examples in the 79 gene sequence alignments studied here. While we were unable to estimate precise recombination rates from our analyses, it is clear that these rates must be lower than those of mutation, which is not the case in some other viruses (Jung et al., 2002) . Indeed, the absence of any detectable recombination in 20 of 35 negative-sense RNA viruses suggests that they may be entirely clonal organisms, although this will clearly need to be confirmed with much larger sequence data sets. Why is recombination so rare in negative-sense RNA viruses? One possibility is that the superinfection of host cells by different virus strains only occurs at a low rate because negative-sense RNA viruses often produce acute infections with relatively short recovery periods. Consequently, there is only a small probability that hosts are multiply infected with different strains, thereby limiting detectable recombination. Indeed, the best evidence for recombination in negative-sense RNA viruses prior to this study comes from some arenaviruses and hantaviruses that establish persistent infections in their rodent hosts (Archer & Rico-Hesse, 2002; Charrel et al., 2001; Sibold et al., 1999; Sironen et al., 2001) . While the rapidity of infection may limit the rate of recombination in some cases, it cannot be the sole explanation since reassortment is well documented in segmented negative-sense RNA viruses that cause acute infections, such as in Influenza A virus.
A second possible reason for the low rate of recombination in negative-sense RNA viruses is that this process is hampered by the presence of the ribonucleoprotein complex (RNP), which never disassembles from the RNA and may, therefore, affect the ability of RNA polymerase to switch templates during replication (Conzelmann, 1998) . Indeed, the RNP is associated with unique properties of some negative-sense RNA viruses. For example, it appears that encapsidation by the RNP is required for replication in paramyxoviruses (Kolakofsky et al., 1998) . Electron microscopy indicates further that in these paramyxoviruses each nucleoprotein encapsidates six bases of genomic RNA (Egelman et al., 1989) , suggesting that the viral polymerase will only replicate the genome efficiently when the last six nucleotides are completely encapsidated by a single nucleoprotein. This phenomenon, known as the 'rule of six', also dictates that efficient recombination will only be achieved when the total number of nucleotides is a multiple of six (Calain & Roux, 1993) . On the other hand, the considerable evidence for the production of defective RNAs in negativesense viruses indicates that the polymerase is able to jump off and on to the template of the same (or different) RNA molecules relatively frequently (Calain et al., 1999; Duhaut & Dimmock, 1998; Jennings et al., 1983; Li & Pattnaik, 1997; Murphy & Parks, 1997) , so that the RNP may not be a serious barrier to RNA recombination. In summary, the factors that constrain recombination in negative-sense RNA recombination have yet to be fully elucidated.
Whatever the reason for the low rate of homologous recombination in negative-sense RNA viruses, it is unlikely to be a trait that is selected because of its possible fitness benefits (although it is possible that genome segmentation has evolved as a strategy to increase fitness by reassortment in some cases) (Chao, 1994) . Specifically, as the mutation rate in negative-sense RNA viruses is similar to that in other viruses replicated by RNA-dependent RNA polymerase (Jenkins et al., 2002) , so that fitness compromising deleterious mutations will appear frequently and as these viruses will be faced commonly with a variety of adaptive challenges, at least some negative-sense RNA viruses would be expected to show higher rates of recombination if this allowed viruses to purge deleterious mutations and/or create advantageous mutations. This is clearly not the case; those negative-sense RNA viruses that recombine are perhaps simply those that have the greatest opportunity to do so.
While our study suggests that recombination rates are not high enough in negative-sense RNA viruses to confer a substantial fitness advantage, we cannot rule out that these rates have been minimized by natural selection. Although this idea may sound paradoxical, it follows directly from the observation that recombination reduces the error threshold -the point beyond which so many deleterious mutations are made in each replication cycle that viral genomes are unable to reproduce themselves faithfully and extinction occurs (Boerlijst et al., 1996) . In these circumstances, recombination has a negative effect on virus fitness by bringing together combinations of deleterious mutations more rapidly than can occur by mutation alone. Given recent developments in using 'lethal mutagenesis' as a basis to antiviral therapy, in which the application of mutagens increases the virus mutation rate beyond the error threshold (Crotty et al., 2001; Loeb et al., 1999; Sierra et al., 2000) , the accurate estimation of recombination rates in RNA viruses is clearly of fundamental importance.
